because of a lack of either energy or neurotransmitter resources, this is taken to be a surrogate for 1 3 2 the condition that other synapses in the network also do not have enough resources to sustain a 1 3 3 high firing frequency. In this case, the network contribution to the input frequency becomes 1 3 4 negligible and input frequency equals ε . If φ is greater than ζ , then the entire network is able to 1 3 5 continue running at a higher frequency, allowing the total input frequency to remain (ε + ν ). If 1 3 6 the network contribution is negligible (input frequency is ε ), but the presynaptic terminal has 1 3 7 sufficient resources in terms of ATP and vesicles, this is taken as a surrogate that enough other 1 3 8 synapses in the network have the resources to "restart" the network, causing the input frequency 1 3 9 to become (ε + ν ) again as an "ignition" phenomenon. A further discussion of this "ignition" 1 4 0 phenomenon in our model is found in the Supplementary Discussion. have to be sufficient ATP and a sufficient number of vesicles for the synaptic vesicle to be 1 4 9
released.
1 5 0
Rest and Activity 1 5 1
We simulated the behavior of the presynaptic terminal-astrocyte assembly at low and high values 2), it can be seen that the behavior of the system does not change during the entire duration of the for firing in middle trace), while membrane potential remains at a single baseline during the 1 5 7 simulation, punctuated by regular increases at the time that the neuron releases a synaptic The behavior of the system significantly changes with a higher input frequency ( Figure 3 ); 1 6 2 "lower" and "higher" frequencies are relative, and depend on the specific parameters chosen 1 6 3 (data not shown). As is seen in Figure 3a , the membrane potential now demonstrates two 1 6 4 baseline levels, a higher (less negative) potential during active periods ("UP" states), and a lower with the input frequency. This is seen as an oscillation around a lower output frequency (top Simulations at differing input frequencies revealed the presence of limit cycles. Limit cycles 1 8 9
represent oscillatory modes of operation in the system. Figure 4 depicts the limit cycles present in four frequency ranges. The starting transient, lasting approximately 40s, has been removed.
For clarity in panels (b), (c), and (d), only a single turn of the limit cycle is shown. In Figure 4a , 1 9 2 at low input frequencies, the left side of the graph first depicts the running down of vesicles 1 9 3
during the first part of the simulation. The limit cycle is described as a tight loop which circulates 1 9 4
in a small range with vesicles between one and three (vesicle-limited mode; see inset). ATP 1 9 5
remains within a tight window of concentrations that lies above the threshold for synaptic vesicle 1 9 6
firing (dashed line indicates ATP threshold for firing, 0.005 M). There are two different types of 1 9 7 limit cycles in the middle frequency range, which look similar. In Figure 4b , a vesicle-limited 1 9 8 mode is shown, wherein the number of vesicles drops to zero prior to recovering again-ATP cycle. This is seen on the left side of the limit cycle, where ATP oscillates to the left and right of 2 0 2 the line demarking the ATP firing threshold (below and above the threshold, respectively). Finally, Figure 4d shows an ATP-limited regime which occurs at very high frequencies, where The behavior of the presynaptic terminal-astrocyte assembly at different frequencies suggests which need to have the resources to continue to fire) in Figure 5 . It is immediately apparent that 2 1 0 there are multiple regimes of operation with transition points in between. The input frequency on the tripartite synapse. An overview of these regimes is given here; further treatment is found in the Supplementary 2 1 4
Discussion. Regime A is the "input-limited" region ( Figure 2 ). There is only one baseline 2 1 5 membrane potential (no UP or DOWN states), and the neuron is able to generate an output 2 1 6 frequency that is identical to the input frequency. Regime B shows "vesicle-limited" operation 2 1 7
(Extended Data Figure 6 ); there is a small difference in membrane potentials between subsequent between one and three, and the moving average output frequency oscillates between values that 2 2 0 are neither the maximum combined input frequency (ε + ν ) nor the spontaneous frequency (ε).
1
Regime C is still a "vesicle-limited" mode (Extended Data Figure 7) , however a discrete limit during the UP state (Extended Data Figures 8 and 9 ). Both ATP and vesicles recover during the 2 2 6 DOWN state in this mode. Regime F is a purely ATP-limited mode (Extended Data Figure 10 ).
7
Regime E is a transitional mode (Extended Data Figure 11 ), in which the system starts with superimposed ATP limitation during the UP states (as in regime D). We have demonstrated a novel model of the tripartite synapse based on chemistry alone, which 2 3 2 encompasses the presynaptic terminal and astrocytic process, derived entirely from first substrates into other biosynthetic pathways. Importantly, our model demonstrates "chaotic" 2 3 7
features: small changes in a single parameter have far-reaching implications for the behavior of 2 3 8 the entire system. Our model also shows that the presence of rest-activity cycles is a fundamental emergent 2 4 0
property of the tripartite synapse. Cycles of high and low activity ("rest"), manifested as limit 593, 3417-3429, doi:10.1113/jphysiol.2014.282517 (2015) . Metabolism 32, 1152-1166, doi:10.1038/jcbfm.2011.149 (2012) . are shown, as well as the reactions that link the two. The heavy arrows represent well-described frequency as a function of time. Regions labeled with two letters are rarer transitional regimes where the behavior of the system 3 5 3
initially appears like the second pure regime, but then transitions into the behavior of the first 3 5 4 pure regime. The model has three conditions which determine whether the system is in a high-activity state or to generate a sufficiently high output frequency, this is a surrogate for passing a threshold where 5 1 2 the rest of the network no longer has enough resources to drive a high input frequency to the 5 1 3 presynaptic terminal. Once in such a low-activity (rest) state, the neuron would otherwise remain 5 1 4
in this state forever, and a third condition functions to switch the system from a low-activity state 5 1 5
back into a high-activity state. This occurs when the presynaptic terminal has enough resources 5 1 6
to generate a high output frequency. However, because the model is numerically solved with 5 1 7 discrete time steps, the output frequency is calculated as a moving average over three time steps 5 1 8
(rather than as an instantaneous frequency). In order for the model to "ignite" from a low-activity 5 1 9
(rest) state back into a high-activity state, the third condition had to be modified to avoid meeting 5 2 0 the conditions for dropping back into the low-activity (rest) state during the first two time-steps 5 2 1 before the calculated output frequency has increased to its true higher value. This was
